Transient responses of cell turgor ( P ) and root elongation to changes in water potential were measured in maize (Zea mays 1.) to evaluate mechanisms of adaptation to water stress. Changes of water potential were induced by exposing roots to solutions of KCI and mannitol (osmotic pressure about 0.3 MPa). Prior to a treatment, root elongation was about 1.2 mm h-' and P was about 0. 67 MPa across the cortex of the expansion zone (3-10 mm behind the root tip). Upon addition of an osmoticum, P decreased rapidly and growth stopped completely at pressure below approximately 0.6 MPa, which indicated that the yield threshold (YtranS,') was just below the initial turgor. Turgor recovered partly within the next 30 min and reached a new steady value at about 0.53 MPa. lhe root continued to elongate as soon as P cose above a new threshold (Ytran,,J of about 0.45 MPa. The time between Yt,ans,l and Vtrans,, was about 10 min. During this transition turgor gradients of as much as 0.15 MPa were measured across the cortex. They resulted from a faster rate of turgor recovery of cells deeper inside the tissue compared with cells near the root periphery. Presumably, the phloem was the source of the compounds for the osmotic adjustment. Turgor recovery was restricted to the expansion zone, as was confirmed by measurements of pressure kinetics in mature root tissue. Withdrawal of the osmoticum caused an enormous transient increase of elongation, which was related to only a small initial increase of P. Throughout the experiment, the relationship between root elongation rate and turgor was nonlinear. Consequently, when Y were calculated from steady-state conditions of P and root elongation before and after the osmotic treatment, Y, was only 0.21 MPa and significantly smaller compared with the values obtained from direct measurements (0.42-0.64 MPa). Thus, we strongly emphasize the need for measurements of short-term responses of elongation and turgor to determine cell wall mechanics appropriately. Our results indicate that the rate of solute flow into the growth zone could become rate-limiting for cell expansion under conditions of mild water stress.
Transient responses of cell turgor ( P ) and root elongation to changes in water potential were measured in maize (Zea mays 1.) to evaluate mechanisms of adaptation to water stress. Changes of water potential were induced by exposing roots to solutions of KCI and mannitol (osmotic pressure about 0.3 MPa). Prior to a treatment, root elongation was about 1.2 mm h-' and P was about 0. 67 MPa across the cortex of the expansion zone (3-10 mm behind the root tip). Upon addition of an osmoticum, P decreased rapidly and growth stopped completely at pressure below approximately 0.6 MPa, which indicated that the yield threshold (YtranS,') was just below the initial turgor. Turgor recovered partly within the next 30 min and reached a new steady value at about 0.53 MPa. lhe root continued to elongate as soon as P cose above a new threshold (Ytran,,J of about 0.45 MPa. The time between Yt,ans,l and Vtrans,, was about 10 min. During this transition turgor gradients of as much as 0.15 MPa were measured across the cortex. They resulted from a faster rate of turgor recovery of cells deeper inside the tissue compared with cells near the root periphery. Presumably, the phloem was the source of the compounds for the osmotic adjustment. Turgor recovery was restricted to the expansion zone, as was confirmed by measurements of pressure kinetics in mature root tissue. Withdrawal of the osmoticum caused an enormous transient increase of elongation, which was related to only a small initial increase of P. Throughout the experiment, the relationship between root elongation rate and turgor was nonlinear. Consequently, when Y were calculated from steady-state conditions of P and root elongation before and after the osmotic treatment, Y, was only 0.21 MPa and significantly smaller compared with the values obtained from direct measurements (0.42-0.64 MPa). Thus, we strongly emphasize the need for measurements of short-term responses of elongation and turgor to determine cell wall mechanics appropriately. Our results indicate that the rate of solute flow into the growth zone could become rate-limiting for cell expansion under conditions of mild water stress.
In Lockhart's model of plant expansive growth (Lockhart, 1965; Boyer, 1985) , P in excess of a Y is the driving force for irreversible cell expansion; the rate of how fast a cell expands per unit of pressure above Y is determined by the m ("cell wall extensibility"). Commonly, the effect of water stress (reduction in q ) on Y and m is evaluated from the analysis of steady turgor and growth rates before and after a perturbation of the environment. This approach has been chalThis research was supported by grant 91-37100-6671 from the U.S. Department of Agriculture and by the award of a Feodor LynenFellowship from the Alexander von Humboldt-Foundation (Germany) to J.F.
* Corresponding author; fax 1-916-752-5262. 247 lenged on the basis of dynamic measurements of P and growth rates in roots (Hsiao and Jing, 1987) and leaves (Shackel et al., 1987; Serpe and Matthews, 1992) . Cosgrove (1987) determined an immediate decrease of Y in stems of severa1 plant species after the growth zones were abruptly restricted from taking up water. Transient growth rates may be accurately predicted when the changes of Y and m are incorporated in Lockhart's model. The near hydraulic isolation of the root growth zone from changes in water potential of the rest of the plant (Frensch and Hsiao, 1993) as well as variable lengths of growth zones under water stress in roots (Sharp et al., 1988; Spollen and Sharp, 1991) and leaves (Saab et al., 1992) illustrate the complexity of modeling total plant growth based on single-cell models such as that of Lockhart.
Under steady-state conditions of growth, P remains constant in growing roots of wheat (Pritchard et al., 1989 (Pritchard et al., , 1991 Tomos et al., 1989) and maize (Pritchard et al., 1990a; Spollen and Sharp, 1991) . The adaptation to water stress, however, seems to differ between maize and wheat roots. Wheat roots apparently respond to high osmotic concentrations with a decrease of the wall-yielding ability over a period of 24 h (Pritchard et al., 1991) , thus lessening the ability of the root to grow under water stress. On the contrary, maize roots seem to increase wall-yielding abilities over 24 h when exposed to low @ , , , , thus maintaining root growth (Spollen and Sharp, 1991) . Similarly, Hsiao and Jing (1987) reported an enhanced wall-yielding ability of maize roots when turgor was reduced by osmotic stress. In neither of these studies were changes of Y and m measured to assess their quantitative significance for the growth process.
In principle, direct measurements of Y should be possible if P and the elongation rate are measured continuously during the transition from one steady state to the next. In the present Abbreviations: LVDT, linear variable differential transfomer; m, volumetric extensibility (h-' MPa-I); ma., m calculated from steadystate conditions of turgor and root elongation before and during osmotic treatments; mbans, m determined from transient conditions of turgor and root elongation following the withdrawal of the osmoticum; P, cell turgor (MPa); AP/Ar,-down, ratio of the decrease of turgor in response to an increase in osmotic pressure of the medium (MPa MPa-I); aP/A~,-up, ratio of the inaease of turgor in response to a decrease in osmotic pressure of the medium (MPa MPa-I); T, osmotic pressure (MPa); *,,,, water potential of the medium (MPa); Y, yield threshold (MPa); Y , , Y calculated from steady-state conditions of turgor and root elongation before and during osmotic treatments; Yban.,l~~), Y evaluated from the turgor decline (recovery) during the transition; z, length of the root expansion zone. Plant Physiol. Vol. 104, 1994 study we monitored turgor under steady and dynamic conditions of root growth following perturbations of the water status to obtain detailed information on rapid changes in P, Y, m, and T . These data should provide a better understanding of rate-limiting steps in cell expansion and are essential for new concepts of growth, which integrate the coupling of water and solute flows (Meshcheryakov et al., 1992; Steudle, 1992) and model the biochemical processes of plant growth (Passioura and Fry, 1992) .
MATERlALS A N D METHODS

Plant Culture
Caryopses of maize (Zea mays L. cv WF9xMol7) were germinated for 3 d in the dark on wet filter paper. Seedlings with 40-to 60-mm-long primary roots were then transferred to aerated culture solution in a growth chamber under a 14-h photoperiod and an air temperature of 25OC. Fluorescent and incandescent lamps provided a PAR of 500 pmol m-' s-' at the lid of a growth container. The culture solution contained (mo1 m-3): K+, 1.6; Ca2+, 0.8; M e , 1.2; N&+, 2.0; Nos-, 4.0; P043-, 0.8; S04'-, 0.8; Fe-EDTA, 0.04; and micronutrients. Solutions were changed every 3rd d to avoid nutrient depletion and to maintain pH between 6.5 and 6.8. Experiments were performed on plants that had developed roots 110 to 180 mm long.
Experimental Setup
An intact plant was transferred to a constant temperature room and its primary root placed on a temperature-controlled support (Frensch and Hsiao, 1993) . The support allowed the root to grow at an angle of 70° to the horizontal and provided sufficient space to measure turgor and expansive growth (see below) and to illuminate the shoot (coleoptile and emerging first leaf) by fiber-optic light (PAR = 1000-1500 pmol m-' s-I). To reduce mechanical vibrations of the environment, the whole setup rested on a vibration-isolation table (Technical Manufacturing Corp., Peabody MA).
The culture solution (25OC) was circulated by a peristaltic pump to flow over the root and to cover it completely. To change the water potential (osmotic pressure) of the medium, the nutrient solution was quickly replaced by another solution identical in composition but containing either mannitol or KCI. Concentrations of the osmotica ranged between 115 and 128 mOsmol kg-' and changed !Pm between 0.29 and 0.32 MPa, as was determined by freezing-point depression of a 200-pL sample (Precision Instruments, Natick, MA). Osmotic pressures of approximately 0.3 MPa were chosen to cause significant reductions of root growth and to study the time courses of turgor responses under these condi,tions. The use of a nonelectrolyte (mannitol) and an electrolyte (KC1) determined that the responses in turgor and growth were independent of the nature of the osmoticum.
A solid-state video camera (Cohu Inc., San Diego, CA) attached to a microscope (M24; Wild, Heeresburg, Switzerland) captured a single picture of the elongating root every second. For a better recognition of longitudinal positions, the root surface was marked with carbon powder. Video images of the roots were recorded on a time-lapse recorder (Panasonic Industrial Co., Secauscus, NJ). Using fast playback (60 pictures/s), it was possible to observe root elongation on a monitor and to determine whether osmotic treatments caused a shortening of the growth zone. Spatial resolution of the video analysis depended on the magnification during the recording, but it was always better than 1 mm.
Root Elongation Measurements
A plastic cap attached to a thread was glued to the apical 200 to 500 pm of the root. The other end of the thread was connected to the central core of the LVDT (Schaevitz, Pennsauken, NJ). The cap adhered to the root for up to 10 h. Eventually, the connection between the plastic cap and the root tip ruptured, presumably because of the formation of a new calyptra. Using the microscope equipped with a reticle to compare root growth before and after the attachment of the thread indicated that the glue (Super Glue Corp., Hallis, NY) had no phytotoxic effects. A spring (force 2g) connected to the other end of the central core kept the thread under constant tension. The output of the LVDT (root elongation) was monitored with a chart recorder and elongation rates (mm min-') were calculated for intervals of 1, 3, and 5 min using digitizing equipment (Jandel Scientific, Corte Madera, CA). After the experiments on an intact root, an apical segment of 12 to 15 mm was removed and the LVDT was connected to the end of the remaining root to examine elastic responses of the mature portion to changes in water potential.
Turgor Measurements
The P of cortical cells was measured using a probe equipped with a pressure transducer (CQ 140, Kulite Semiconductor Products, Inc., Leonia, NJ) capable of detecting pressure differences of approximately 2 kPa (Frensch and Hsiao, 1993) : Upon impalement of a cell, cell sap moved into the glass capillary of the probe and was counterbalanced by moving the piston in the probe with the drive motor to increase the hydrostatic pressure. The pressure probe was mounted on a micromanipulator (Narishige, Tokyo, Japan) that was used to position the tip of the capillary inside the tissue with an accuracy of 5 to 10 pm. Before a new cell deeper in the tissue was impaled, the pressure inside the probe was quickly reduced to zero to minimize contamination of the cortex with silicone oil. Pressure measurements were restricted to the cortex, which extended from the root surface to approximately 200 pm inside the root. for changes of water potentials applied in this study, are thereby neglected (Sharp et al., 1988) . Y, , and msr were determined from plots of relative elongation rates versus P at steady-state conditions assuming a constant length of the growth zone, z = 10 mm.
RESULTS
In nutrient solution, a steady root growth was established 15 to 30 min after the plant was mounted on the support and attached to the LVDT. By then, the elongation rate was approximately 1.2 mm h-', which extrapolates to about 30 mm d-'. Throughout the cortex and at positions 3 to 10 mm behind the root tip, P ranged between 0.62 and 0.72 MPa, with P of the inner cortex slightly higher than that of the outer cortex (Fig. 1) .
The effects of the osmotic treatment on root elongation and P were continuously measured on each of a total of 15 roots. Responses of P and elongation using either mannitol or KC1 were similar, and steady-state values are summarized in Table I . Figure 2 shows an example of the time courses of P and elongation of a root as affected by a mannitol treatment (osmotic pressure, 0.29 MPa). Root elongation stopped completely upon the addition of mannitol and remained at zero for the next 10 min (Fig. 2A) . Elongation subsequently recovered and continued at a lower rate than before the treatment. When mannitol was removed from the medium, the elongation increased suddenly to a rate much higher than the initial rate, then declined steadily during the next 5 min. The final elongation rate was close to the initial rate. Upon the 0.29-MPa reduction in Jr of the medium, P dropped from 0.62 to 0.34 MPa (Fig. 2, B and C). The half-time of the pressure decline of a cell at a depth of 180 pm was approximately 50 s; the ratio between the pressure change and the applied osmotic pressure in the medium was close to unity (AP/Ar,-down = 0.97). As P declined to about 0.55 MPa, the root stopped elongating. The 10 s it took for P to drop to this value was probably too short to permit much metabolic change. Hence, this threshold (Ytrans,l) should be a close approximation of the steady-state Y before the osmotic treatment. At the end of the pressure decline a new cell was impaled (depth = 190 pm) and P was continuously measured during the next 50 min (Fig. 2B) . Soon after the pressure minimum was reached, P increased and reached a new pressure plateau at 0.50 MPa. The total amount of turgor recovery was 0.16 MPa. The root resumed elongation when P increased above 0.46 MPa. This second threshold (
represented a direct measurement of the Y. It suggested that only a small pressure difference was sufficient to drive root elongation at a rate of 0.75 mm h-'. Compared with the kinetic of the turgor decline ( d P / d t = 4.0 X 10-3 MPa s-' ), the turgor recovery was much slower (Fig. ZC) , exhibiting a maximum slope ( d P / d t ) of 5.9 X 10-4 MPa s-'.
A sudden increase of P was induced at 11.8 h by changing the mannitol solution to the original nutrient solution (Fig.  2B ). The turgor increased by 0.20 MPa (AP/Ar,-up = 0.69) and the half-time of the kinetic was approximately 150 s (Table I) , and the half-times of turgor increase after withdrawal of the osmoticum were generally longer than that of turgor decrease after addition of the osmoticum.
In a11 of the experiments, the elongation rate was related nonlinearly to P, indicating variations in the growth parameters in response to the treatments. If, however, the Y was calculated from steady-state conditions of P and elongation rate before and after the osmotic treatment, calculated Y,, Fig. 3 ). m was also estimated from the increases of turgor and elongation during the 1 st min after the osmoticum was replaced by nutrient solution (mtranr) assuming the yield threshold to be Ytranr.Z. Measured yield thresholds (Y,,,,,) were determined from the biphasic turgor response induced by the addition of an osmoticum as described in Figure 2 . Because of turgor gradients across the cortex, ranges rather than means are given for Y,,,,,. Otherwise, values represent the mean & SD ( n = number of plants). were significantly smaller than Ytrans,l and Ytrans,z of the same root (Table 11) . For the experiment shown in Figure 2 , Y, , was 0.26 MPa (Fig. 3) , 0.29 MPa lower than Yhans,l and 0.20 MPa lower than Yhans,Z. Because of pressure gradients in the cortex during the decline and recovery of P, i.e. cells deeper inside the tissue responded with a different rate than cells at the root periphery, a precise determination of Ytrans,l and Yhans,2 for individual cells was not possible. However, the variability of Ytrans,P was smaller than that of Ytrans,l (Table 11) , presumably because of the slower pressure kinetic during the turgor recovery and subsequent smaller pressure gradients across the tissue. Considerable discrepancies between transient and steadystate conditions were also observed for m. Following the withdrawal of mannitol, elongation rate increased from 0.75 to 3.1 mm h-' during the 1st min (Fig. 3) . This immediate growth increase corresponded to only a small pressure increase of about 0.04 MPa. For this period a mtrans of about 6 MPa-' h-' was calculated. Any further increase of pressure did not result in an additional increase of the elongation rate. In contrast, the yield coefficient calculated from steady conditions (see Eq. 1, mss = 0.28 h-' MPa-'), was approximately 20 times smaller than mtrans.
At the end of the experiments, the expansion zone of the root was removed and the elastic responses of the mature part of the root were evaluated. The length of the mature portion of the root remained constant when \ k, was altered using solutions of the same osmotic strengths as in the previous experiments 09 intact roots (Fig. 4, upper trace) .
However, longitudinal elastic shrinking and swelling was observed on mature root tissue at 9, < -0.5 MPa (Fig. 4, lower trace).
A11 plants investigated showed the biphasic pressure response (fast turgor decline and slower turgor recovery) after the addition of an osmoticum. Essentially, the pressure increase reflected the rate of solute uptake and/or synthesis by individual cells. To investigate the source of the solutes for the osmotic adjustment, pressure kinetics were measured at different positions inside the cortex. In the experiment shown in Figure 5 , KC1 was used to alter the water potential of the root. After the pressure minimum (P = 0.32 MPa), P recovered faster in cells located deeper inside the tissue (100-160 pm depth, maximum slope = 4.4 X 10-4 MPa s-') than in cells closer to the root periphery (50-90 pm depth, maximum slope = 2.5 X 10-4 MPa s-'; 20-40 pm depth, maximum slope = 1.9 X 10-4 MPa s-I). The different rates of turgor recovery caused transient turgor gradients of up to 0.15 MPa across the cortex. Within 14 min after the exposure to KCl, the Y declined from about 0.57 to 0.42 MPa (Fig. 5C ).
The total amount of pressure increase during the turgor recovery was 0.15 MPa (Fig. 6A) and uniform throughout the apical 10 mm of the root. The unifonnity of the pressure response indicated that the length of the growth zone was unaffected by the osmotic treatment, as was confirmed by comparison of video pictures of the expansion zone captured before and during the treatment. Independent of the position along the growth zone, the maximum slope of the turgor recovery increased from the root surface to the center (Fig. 6B) .
To test whether the turgor recovery was characteristic to the growth zone, pressureltime responses were also measured in the mature part of the root (Fig. 7) . In contrast to the experiments on the growth zone, pressure kinetics were only monophasic in the mature part of the root. The initial P was completely restored when the osmotica were replaced by the original nutrient solution. AP/A?r,-down and AP/Aa,-up were both close to unity in the mature root zone. 
DlSCUSSlON
Our evaluation of steady and dynamic responses of turgor and root elongation to changes in \E of the medium indicated that measured Yhans,l and Ytrans,2 decreased rapidly and adjusted to a leve1 just below the steady-state turgor before and after the addition of an osmoticum to the medium (Figs. 2C Upon reductions in q,.,,, biphasic turgor responses were measured in the root elongation zone, with a fast turgor decline followed by a slower turgor recovery (Figs. 2B and 5B). The general pattem of turgor response was in accordance with an independent study of turgor kinetics of epidermal cells in the growing zone of the maize root as affected by different kinds of osmotica (T.C. Hsiao, unpublished results). The first phase of the biphasic pressure relaxation probably reflected the water loss of the root to the medium. The turgor recovery (second phase) was presumably the result of an increase in a of individual cells due to solute transport, solute synthesis, or a combination of both. Because the rate of solute accumulation was slower than the rate of water movement by about 1 order of magnitude, the pressure kinetic of the second phase was a measure of the osmotic adjustment. The differences in the rates of both phases indicate that solute transport rather than water transport was more likely to determine the rate of root elongation. Besides the decline of Y, the osmotic response of the growth zone was an effective mechanism to adjust root growth at substantially lower values of P , . Rather than the osmotic adjustment that was measured in maize roots over a period of severa1 hours to days (Sharp et al., 1990) , the short-tem osmotic response ("turgor recovery") in the present paper should reflect mainly the continuous radial flow of carbohydrates.
Following the perturbation of the root water potential, the Yhans,l declined within a few minutes by approximately 0.15 MPa. Fast responses of Y during transient growth conditions have also been measured in leaves (Shackel et al., 1987; Serpe and Matthews, 1992) and in stems (Cosgrove, 1987) ; these responses, therefore, appear to be adaptive processes common to a11 plant organs. Less information is available on fast osmotic responses of growth zones to changes in water potential. They have been reported so far only for roots (Hsiao and Jing, 1987; Pritchard et al., 1991) . In contrast to the data from similar experiments on wheat roots (Pritchard et al., 1991) , the turgor recovery in the present study was faster (0.5 h compared with 2 h) and, more notably, dependent on the position of the cell inside the tissue. The rate of turgor recovery increased from cells of the outer to cells of the inner cortex (Fig. 6B) , strongly indicating that solute movement from the stele toward the epidermis had caused the osmotic adjustment. Presumably, the phloem was the source of the solutes that effectively increased P. The increase of turgor following the increase of 9, was accompanied by only a brief increase in the elongation rate (Figs. 2B and 58) . Most of the period of pressure increase, however, was associated with a reduction rather than a further enhancement of the elongation rate. Thus, cell expansion did not benefit from the additional water uptake. The reduction of the elongation rate may have been caused by other processes, among which are (a) a slow solute (carbohydrate) transport, which effects the supply of metabolites for cell wall formation as well as the osmotic status of the growing cell, and/or (b) a slow cell wall synthesis and expansion. Cell expansion could have been restricted by processes on the cell level or on the tissue level, both of which would have affected the measurement of m.
Our data imply that root elongation during the period of water stress was not restricted by cell wall mechanics: when the osmoticum was removed from the medium, the initial turgor increase was associated with a sudden steep increase of elongation. It is likely that the ability of the wall to expand was already in favor of a high elongation rate, as documented by the relatively large values of mtrans calculated from the data immediately after the release of the stress (Table 11) . Furthermore, one would expect that turgor recovery during the osmotic treatment would eventually restore the initial turgor completely if cell expansion was rate limited by cell wall mechanics. Instead, the incomplete turgor recovery indicates a system that might have been limited by a slow carbohydrate transport into the growth zone. Commonly, cell wall synthesis and expansion are considered to be the ratelimiting processes of plant growth (Taiz, 1984; Cosgrove, 1986; Pritchard et al., 1990b) , although the integrated and coordinated nature of expansive growth has also been emphasized (Bradford and Hsiao, 1982) . If the regulation of solute transport is essential for the response of the root to water stress, growth studies on excised tissue (e.g. Okamoto et al., 1989; Hohl and Schopfer, 1992a, 1992b) need to be interpreted with caution.
Measurements of turgor and elongation kinetics could have been affected by the use of mannitol, which has been questioned as a suitable osmoticum because of its potential for uptake by cells (Cram, 1984; Hohl and Schopfer, 1991) . However, uptake of mannitol and KCl was negligible in the mature root as evinced by a lack of turgor increase during the short period of exposure to the osmotica (Fig. 7) . For both expanding and mature cells the ratio AP/Aa,-down was close to unity (Table I) , indicating an ideal osmotic behavior of the cells and, hence, no substantial uptake of the osmotica. Furthermore, the influx of osmotica would be expected to be higher in cells at the root periphery, which was not the case (Fig. 6B) . Thus, the osmotic adjustment at low Q, was characteristic for the growing tissue and not simply affected by the uptake of osmotica from the medium into cells of the growth zone. Following the withdrawal of the osmoticum, the small ratios AP/Aa,-up (Table I) could have been the result of the very high transient growth rates, when part of the turgor increase was depleted by cell expansion. This argument is in line with the measurements of slower turgor kinetics during the pressure increase than during the decrease. However, slower turgor kinetics due to a decreased hydraulic conductance of the stressed tissue (Nonami and Boyer, 1990 ) cannot be ruled out, although that is more likely for prolonged exposure to water stress.
The correct determination of Ywan3,, could have been affected by elastic responses of the root tissue. Simultaneous elastic and plastic responses of growing tissues have been demonstrated using an extensiometer to apply mechanical stress to a plant organ (Nonami and Boyer, 1990; Cramer and Bowman, 1991) . In the present study, the length of the mature part of the root remained constant during osmotic experiments using test solutions with osmotic pressures of 0.3 MPa (Fig. 4) . This excludes the possibility of interference by any elastic change in the mature zone with the measurements of root elongation. Apparently, the elastic deformation of roots in response to water stress may not be simply predictable from volumetric elastic coefficients determined on single cells. Elastic coefficients of 2 to 4 MPa in the mature cortex (Zhu and Steudle, 1991) and approximately 4 MPa in the cortex of the growth zone (Pritchard et al., 1990a) dictate significant changes in root length in response to changes in P if the volume change is three dimensional. The fact that the length of the mature segment did not change with changes of P suggests that the shrinkage and swelling were confined to the radial direction only, at least for changes of Qm in the order of 0.3 MPa. The evaluation of Ywans,l during the turgor recovery of roots exposed to osmotic pressures between 0.1 and 0.6 MPa showed a significant decline of the yield coefficient, which could not have been affected by fast elastic responses of the root (our unpublished data). Therefore, it is likely that the pressure differences between Ynans,l and Ywans,l in the present study mainly reflect the plastic deformation of the cell wall.
In conclusion, root growth responds to moderate water stress within minutes. The response includes a reduction of the Y and an increase of the cellular osmotic pressure. The rapid changes in the Y raise the question of suitability in obtaining Y and m from plots of growth rates versus P for steady-state or near steady-state conditions before and after a change of the water potential. Our data indicate a possible restriction of root growth due to slow solute transport from the phloem to the root periphery. More measurements at a high spatial and temporal resolution are required to further evaluate the significance of the different growth parameters for cell expansion.
